In an effort to evaluate whether a recently reported putative metallo-b-lactamase (MbL) contains a novel MbL active site, SPS-1 from Sediminispirochaeta smaragdinae was over-expressed, purified, and characterized using spectroscopic and crystallographic studies. Metal analyses demonstrate that recombinant SPS-1 binds nearly 2 equivalents of Zn(II), and steady-state kinetic studies show that the enzyme hydrolyzes carbapenems and certain cephalosporins but not b-lactam substrates with bulky substituents in the 6/7 position. Spectroscopic studies on Co(II)-substituted SPS-1 suggest a novel metal center in SPS-1, with reduced spin coupling between the metal ions and a novel Zn1 metal binding site.
focused on MβLs found in pathogenic strains, however the risk of transfer of antibiotic resistance determinants from a non-pathogenic strain to a more clinically-relevant organism necessitates the need to study MβLs not yet found in known human pathogens (5) . cefuroxime, and cephalexin were used as substrates, no activity was observed. Compared to NDM-1 and SPM-1, the Km values with different substrates exhibited by SPS-1 are much larger, resulting in lower catalytic efficiencies (Table 1) . In contrast to most other MβLs (1, 2) , SPS-1 exhibits substrate specificities for carbapenems and certain cephalosporins.
Isothermal titration calorimetry (ITC). ITC was used to determine if SPS-1 binds to L-captopril, which has been reported to be a competitive inhibitor of several MβLs (16) . Previous studies have shown that the S1 atom in L-captopril inserts directly between the metal ions in NDM-1 (16) , displacing the bridging water/hydroxide. The crystal structure of the NDM-1/captopril complex showed that L-captopril has two binding faces: a hydrophobic face that interacts with the Val73 and Met67 of the L3 loop and a hydrophilic face that hydrogen bonds to Asn220 on the L10 loop (16) . In our experimental conditions, L-captopril binds to NDM-1 with a Kd value of 1.95 µM ( Figure 2 ), while there is no binding between SPS-1 and L-captopril up to concentrations of 50 µM L-captopril. This result suggests a different active site configuration in SPS-1 as compared to NDM-1.
UV-Vis spectroscopy.
To obtain information on the metal binding sites in SPS-1, UV-Vis spectra of Co(II)substituted SPS-1 were recorded, and Co(II)-substituted NDM-1 was used as a control (17) . Metal-free SPS-1 and NDM-1 were prepared as described in Experimental procedures. Tris(2-Carboxyethyl)phosphine) (TCEP, 1 mM) was added to metal-free SPS-1, prior to adding Co(II), in order to prevent Co(II) oxidation (17) . Glycerol (10%) was added to the metal-free SPS-1 before Co(II) addition to prevent protein precipitation (18) . As previously reported (15, 17) , Co(II)-substituted NDM-1 exhibited an intense peak at 330 nm, which was previously attributed to a Cys-S to Co(II) ligand-to-metal charge transfer transition (19) (20) (21) (22) . The other peaks at 330, 510, 549, 615, and 640 nm ( Figure 3 ) were assigned to ligand field transitions of high-spin Co(II) exhibiting a Jahn-Teller distortion (19, 23) The extinction coefficients of these ligand field transitions are consistent with one Co(II) having a coordination number of 4 and the other having a coordination number of 5 (15) . Conversely, the spectra of Co(II)-substituted SPS-1 revealed a sharp absorption at 346 nm (Figure 3 ), suggesting a similar Zn2 site in SPS-1 and NDM-1.
However, in the spectra of Co(II)-substituted SPS-1, the ligand field transitions between 500 and 650 nm are broader and lack distinct features. Importantly, the extinction coefficient of this peak is 56 M -1 cm -1 (or about 28 M -1 cm -1 per Co(II)), suggesting that both Co(II) ions are 6-coordinate (15) . A similar spectrum was previously reported for Co(II)-substituted L1 (24) .
NMR spectroscopy of Co(II)-substituted SPS-1.
To further probe the metal binding sites in SPS-1, 1 H NMR spectra were obtained for Co(II)-substituted SPS-1 ( Figure 4 ). As with the UV-Vis spectra above, Co(II)-substituted NDM-1 was used as a control. Previously for Co(II)-substituted NDM-1, we showed that resonances at 64, 72, and 79 ppm are due to solvent-exchangeable protons on His120, His122, and His189 in the Zn1 site, and resonances at 48, 107, and 165 ppm correspond to protons on Asp124, His250, and Cys208 in the Zn2 site, respectively (17) . The spectrum of Co(II)-substituted SPS-1 revealed significant changes to the active site compared to NDM-1. Resonances at 249 and 217 ppm may be the geminal pair arising from the β-CH2 cysteine ligand coordinating the Zn2 site, although another weak signal was seen at 164 ppm that aligns well with the β-CH2 cysteine protons of Co(II)-substituted NDM-1. The SPS-1 data, therefore, suggest either two distinct conformations for Cys208, or that only two of the three resonances arise from Cys208 (25) . Three relatively strong resonances were observed at 96, 74, and 54 ppm and can be assigned to the three Co(II)-bound histidine ligands (two from the Zn1 site and one from the Zn2 site). A spectrum of Co(II)-substituted SPS-1 containing 90% (v/v) D2O was collected to verify that these three resonances were solvent-exchangeable ( Figure S2 ). The absence of these three resonances in the D2O spectrum further supports the hypothesis that they arise from the three Co(II)-coordinated histidine residues.
Other resonances at 31 and 23 ppm do not appear to be solvent-exchangeable and may be due to either one or both α-CH2 aspartate protons. Of the remaining weak signals (66, 62, 48, and -27 ppm, see Fig. S2 ), most are likely contributions from second sphere interactions with the metal sites. In total, these results align well with the predicted two histidine ligands at the Zn1 site and one histidine at the Zn2 site and show distinct differences between the active site structures of SPS-1 and NDM-1.
EPR spectroscopy of metal-substituted SPS-1. Continuous wave EPR spectra of CoCo-SPS-1 and CoCo-NDM-1, obtained in both parallel and perpendicular modes, are shown in Figure 5 . Both perpendicular mode spectra are typical of high-spin Co(II)-substituted metalloproteins (26) . Aside from modulation of line-shape, significant changes to the electronic environment of the Co(II) ions were not observed in these data. The sharp peak between 1600-1700 G in the diCo(II)-substituted NDM-1 spectrum was caused by a small fraction of Fe(III) contamination; a similar peak has been observed in previous EPR spectra of Co(II)substituted NDM-1 (17) . Co(II)-substituted NDM-1 also showed tightly-coupled, active site Co(II) ions in the parallel mode spectra (a deep negative feature near 800 G) (26) . However, no such feature was observed in the spectrum of Co(II)-substituted SPS-1, indicating weaker coupling of active site Co(II) ions in SPS-
1.
Crystal structure of SPS-1. The structure of SPS-1 was solved to 1.70 Å resolution featuring an asymmetric unit containing a single protomer. Details of the crystallographic refinement are given in Table   2 . Two Zn(II) ions are bound in the active site, and a third zinc ion is coordinated by the side chains of the His110 and Asp106 residues of the single protomer within the asymmetric unit and the side chains His110 and Asp106 of the -X,-Y,-Z+½ symmetry mate. This third Zn(II) ion assists in forming crystal contacts and is unlikely to be physiologically relevant. The SPS-1 structure ( Figure 6 a,b) exhibits the canonical αββα metallo-β-lactamase fold with two separate β-sheets and interstrand loops facilitating coordination of the active site zinc ions. SPS-1 overlays with a 0.92 Å rmsd to SPM-1, indicating similar structures for both enzymes. The overlay of SPS-1 and NDM-1 is slightly poorer, exhibiting a 1.10 Å rmsd. Despite a slightly worse rmsd, SPS-1 exhibits high structural similarity to both SPM-1 and NDM-1. Similar to SPM-1, SPS-1 features a pair of extended α-helices ( Figure 6 a,c), SPS-1 helices α3 and α4, located above the active site.
In comparison, these helices are not found in NDM-1 (Figure 6d ). In contrast, the β-hairpin loop found in NDM-1 is significantly truncated in both SPS-1 and SPM-1. Asp112; NDM-1 Asp124), and cysteine (SPS-1 Cys207; SPM-1 Cys216; NDM-1 Cys208) residues. While each protein features at least two histidine residues serving to coordinate Zn1 (SPS-1 His98 and His188; SPM-1 His110 and His197; NDM-1 His122 and His189), SPS-1 is missing the third coordinating histidine (SPM-1 His108; NDM-1 His120). In the place of His108/His120, SPS-1 harbors a glycine residue (Gly96).
SPS-1 Active
The substitution of a glycine at this position opens up substantial space in the SPS-1 active site below Zn1.
As a result, SPS-1 features two water molecules that form a hydrogen bond network with SPS-1 active site residues. These two water molecules are featured clearly in the 2FoFc map (Figure 8 a,b) and in an omit map generated by Polder (Figure 8 c,d) (27) . While additional density in the omit map near Zn1 is likely the result of truncation artifacts in the Fourier series near the zinc ions, the omit map density clearly fits the proximal and distal water molecules (28) . The water molecule proximal to Gly96 is held in place by a hydrogen bond to the backbone amide proton of Tyr97 and the active site water molecule proximal to Gly96. This proximal water molecule is further anchored by a hydrogen bond to the side chain NH2 of Asn192 and coordinates Zn1. The presence of the distal and proximal water molecules is made possible by a single amino acid substitution outside the primary coordination sphere. SPS-1 Thr187 is a bulky residue in comparison to SPM-1 Ala196 and NDM-1 Gly98, which results in a change in preferred rotamer for Asn192, thereby setting the stage for the water-mediated hydrogen bond network that situates the Gly96 distal water in position to coordinate Zn1.
The coordinating residues and the ions in the Zn2 sites harbor similar positions as the average distance between the Zn2 site zinc ions across the SPS-1, SPM-1, and NDM-1 structures are 0.57 ± 0.14 Å.
In comparison, altered Zn1 coordination sphere has a significant effect on the location of Zn1 within the active site. The Zn1 site for SPS-1 diverges from those observed for SPM-1, NDM-1, and all other structurally characterized metallo-β-lactamases (1) (2) (3) . While the position of Zn2 is relatively invariant, the position of SPS-1 Zn1 differs from SPM-1 Zn1 and NDM-1 Zn1 by 1.11 ± 0.01 Å ( Figure S2 ). In comparison, the Zn1 sites of SPM-1 and NDM-1 differ by only 0.43 Å. The approximately 1 Å shift of SPS-1 Zn1 upward, away from Gly96 appears to be a direct consequence of the altered primary coordination sphere. Thus, differences in the primary (Gly96) and secondary (Thr187) coordination spheres elicit differences in the location of SPS-1 Zn1 in comparison to SPM-1 and NDM-1.
DISCUSSION
A recent bioinformatics study revealed 279 unique, putative MβL genes, and initial biochemical and microbiological studies confirmed that 76 of the resulting proteins could be MβLs (6) . One member of this group, SPS-1 from S. smaragdinae, was particularly interesting because it appeared to lack the consensus HXHXD motif found in all MβLs, except those belonging to the B2 subgroup(1-3). We were intrigued by the possibility of a novel metal binding site never before observed in the MβLs. Therefore, we endeavored to biochemically and structurally characterize SPS-1.
SPS-1 contains 276 amino acids and shares the highest sequence similarity with SPM-1 from
Pseudomonas aeruginosa (Figure 1 ) (11) . The overlay of the SPS-1 and SPM-1 structures reveal a 0.92 Å rmsd, indicating broad structural similarity (Figure 6 a,c). In addition, both SPS-1 and SPM-1 have a pair of helices located above the active site, and a similarly-positioned helix is not found in NDM-1 ( Figure 6 a,c,d). Even though SPS-1 was sorted into the B1 phylogenetic class, it may also share some similarity with subgroup B2 MβLs, which contain one zinc in the active site (the consensus Zn2 site) and exhibit a narrow substrate spectrum (2) . While NDM-1, VIM-2 and IMP-1 from B1 subclass can hydrolyze penems, cephems and carbapenems. CphA, Sfh-1, and ImiS from B2 subclass can only hydrolyze carbapenems (29) .
Surprisingly, SPS-1 exhibited significant activity against carbapenems, no activity against a penam, and weak/selective activity against cephem ( Table 1 ). The most likely explanation for the absence of activity against ampicillin, Penicillin G, cefuroxime, and cephalexin is steric clashes with Trp48 and Thr146 located on the extended helices a3 and a4 in SPS-1 (Figures 6, 7) . Overlaying SPS-1 onto structures of NDM-1 in complex with ampicillin(30), cephalexin (31) , and cefuroxime (31) identifies that the elongated a3 and a4 helices of SPS-1 block the binding of substrates that contain large substituents in the 7'/8' position in the b-lactam (Figure 9 ). In contrast, an overlay of SPS-1 onto structures of NDM-1 in complex with imipenem(32) and meropenem (16) (Figure 9 ), which lack the large substituent at the 7' position, do not predict any steriv clashes between the penems and SPS-1. The 1 Å displacement of Zn(II) in the Zn1 site may also contribute to steric clash by forcing the substrate upward, but this movement would only exacerbate the clashes predicted for ampicillin, cephalexin, and cefuroxime.
It is clear that the differences in relative position of Zn(II) at the Zn1 site does not in general lead to total loss of hydrolytic activity as SPS-1 is active against antibiotics, such as meropenem, which lack the phenyl or furyl substituents found in ampicillin, cephalexin, and cefuroxime ( Figure 9 ). However, the different position and ligand environment of the Zn1 metal ion may explain the relatively larger Km values exhibited by SPS-1, as compared to those exhibited by NDM-1 and SPM-1 ( Table 2 ). SPS-1 has two water molecules that form a hydrogen bond network, which accommodates the loss of a third coordinating histidine found in the Zn1 sites of all other B1 MBLs (Figure 7) . We have previously reported spectroscopic studies on several Co(II)-substituted MβLs, including NDM-1 (17), VIM-2 (4), IMP-1 (19) , L1(24), BcI (33), CcrA (18), Bla2 (34), and ImiS (8) . In addition to better understanding the active sites of these enzymes, these studies have allowed us to probe metal binding to the MβLs. Like most reported MβLs, the Co(II)-substituted analog of SPS-1 can be prepared by a direct method in which native Zn(II) is removed with chelator and dialysis and the Co(II) analog is prepared by adding Co(II) directly to metal-free enzyme (4, 17) . The UV-Vis spectra of Co(II)-substituted SPS-1 reveal an intense peak at 346 nm, which can be attributed to a cysteine sulfur ligand to metal charge transfer band.
The intensity of that peak is the greatest when SPS-1 has 1 equivalent of Co(II), demonstrating, as predicted from the crystal structure, that the first equivalent of metal binds to the Zn2 site. The longer wavelength portion of the SPS-1 spectra are different than those of most MβLs, which are often dominated by intense ligand field transitions between 450-600 nm from 4-coordinate Co(II) in the Zn1 site (see the control spectra of NDM-1 in Figure 3 ). Instead, the spectra of Co(II)-substituted SPS-1 show a broad transition in this part of the spectra, which can be also attributed to ligand field transitions. Similar spectra were reported for MβL L1. The intensity (e525nm = 56 M -1 cm -1 ) of the ligand field transition(s) in Co(II)-substituted SPS-1 suggests that Co(II) in the Zn2 site is five-or six-coordinate. The small increase in this peak upon addition of a second equivalent of Co(II), which populates the Zn1 site, suggests that the coordination number of Co(II) in the Zn1 site is six. 1 H NMR and EPR spectra of Co(II)-substituted SPS-1 nicely correlate with the crystal structure of the Zn(II)-containing enzyme. Three solvent-exchangeable peaks can be assigned to histidine residues bound to high spin Co(II), and other resonances, by comparison to spectra of Co(II)-MβLs, can be assigned to cysteine and aspartate residues. The broader peaks observed in the NMR spectra of Co(II)-substituted SPS-1, as compared to those in the spectra of Co(II)-substituted NDM-1, suggest a slower T1e for the unpaired electrons on Co(II) and Co(II) ions that are at best weakly spin-coupled (35, 36) . The lack of spin coupling is clearly observed in the parallel mode EPR spectra of Co(II)-substituted SPS-1. The positioning of the metal ion in the Zn1 site is most likely the cause of the loss of coupling, and nicely explains the lack of binding by captopril.
An intriguing question regarding SPS-1 is why S. smaragdinae, specifically strain SEBR 4228 T from a water sample near a Congo offshore oilfield, produces an MβL. Spirochetes are spiral-shaped bacteria and are pathogenic, causing yaws, Lyme's disease, relapsing fever, and syphilis (37) . One common treatment for some spirochete infections is b-lactams (38) , and it is possible that another spirochete strain transferred resistance to S. smaragdinae strain SEBR 4228 T . SPS-1 from S. smaragdinae has not been identified in any patients and there are no reports of any human infections due to S. smaragdinae. According to Hatosy (39) , there are four possible mechanisms to explain how bacteria in the ocean gain antibiotic resistance. The first prediction is that antibiotic-resistant bacteria migrate from land into marine environments. The second prediction is that antibiotics enter into the marine environment, causing bacteria to evolve antibiotic resistant phenotypes. However, both of these mechanisms seem unlikely due to dilution of the bacteria and antibiotics by the ocean. The third prediction is that antimicrobial compounds are being produced in situ by marine organisms, potentially to give these organisms a survival advantage. The fourth prediction is that the proteins conferring antibiotic resistance phenotypes mutated from a protein that has a different function in vivo. SPS-1, like other MβLs, adopts a characteristic αββα fold. This αββα fold is found in a larger superfamily of metalloenzymes, such as glyoxalase II, arylsulfatase, and RNA processing enzymes (40) (41), with diverse biological functions. It is important to note that the evolution of one of these enzymes into a MβL would likely require the presence of b-lactams to drive evolution. The overnight culture (10 mL) was used to inoculate four 1 L LB cultures containing 50 µg/mL kanamycin.
The resulting culture was grown at 37 °C with a shaking speed of 220 rpm until an OD600 of 0.6 was reached.
Protein production was induced by addition of IPTG to 500 µM. At time of induction, cultures were supplemented with Zn(II) with addition of ZnCl2 to 100 µM. Cultures were shaken overnight at 18 °C and then harvested by centrifugation for 10 min at 8,000 xg. Cell pellets were resuspended in 50 mL of 50 mM HEPES, pH 7.5, containing 500 mM NaCl. Cells were lysed by passing the mixture two times through a French Press at a pressure between 15,000-20,000 psi. The insoluble components were removed by centrifugation for 1 hour at 32,000 xg. The supernatant was loaded onto HisTrap HP (5 mL, GE) column and washed with 10 volumes of wash buffer containing 50 mM HEPES, pH 7.5, 500 mM NaCl, and 50 mM imidazole. Bound proteins were eluted using elution buffer (wash buffer with 500 mM imidazole).
TEV protease was added at a protease to target protein ratio of 1:100 (w/w). The eluted proteins were dialyzed against 1L of 50 mM HEPES, pH 7.5, containing 500 mM NaCl. After overnight dialysis, the truncated SPS-1 protein was re-purified by passage through a HisTrap column, which removed the His6-TEV and His6-tag.
Purified recombinant SPS-1 (before and after TEV digestion) was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using Fisher EZ-Gel solution (12.5%), a Mini-PROTEAN System (Bio-Rad Laboratories), and Coomassie Blue stain. Protein concentrations were determined by UV-Vis absorbance at 280 nm using the ε280nm = 35,535 M -1 cm -1 for SPS-1 protein containing the His6-tag and ε280nm = 34,045 M -1 cm -1 for the SPS-1 protein without the His6-tag. These extinction coefficients were calculated using ExPASY ProtParam (13) .
MALDI-TOF mass spectrometry.
After dialysis against 10 mM ammonium acetate, pH 7.5, 30 µM tagfree SPS-1 was mixed with sinapinic acid matrix at a ratio of 1:1. The resulting sample was analyzed using a Bruker AutoFlex MALDI-TOF mass spectrometer (43) .
Fluorescence spectroscopy. Fluorescence emission spectra of SPS-1 were acquired on a Perkin Elmer
Luminescence spectrometer (Model LS-55) using 2 µM SPS-1 in 50 mM HEPES, pH 7.5). Spectra were acquired using an excitation wavelength of 280 nm and an emission spectrum window from 300 to 500 nm.
Metal Analyses. The zinc content of purified SPS-1 samples were determined using a Perkin-Elmer Optima 7300V inductively coupled plasma spectrometer with optical emission spectroscopy (ICP-OES) detection.
Protein samples, used without modification after purification, were diluted to 5 µM with 10 mM ammonium acetate, pH 7.5. Calibration curves were generated using serial dilutions of FisherBrand Zn metal standard ranging from 0 to 16 µM, and the emission line at 202.548 nm was chosen for zinc.
Steady-state kinetics. Steady-state kinetic studies were performed using a Synergy HT Multi-Mode Microplate Reader (Biotek) at 37°C in 50 mM HEPES, pH 7.5, containing 150 mM NaCl and 10 µM ZnCI2.
The changes in molar absorptivity (Δε, M -1 cm -1 ) used to quantitate products were: chromacef, Δε442nm = 18,600; cephalothin, Δε265nm= -8,790; imipenem, Δε300= -9,000; meropenem, Δε293= -7,600; ampicillin, Δε235= -809; and penicillin G, Δε235 = -936; cefuroxime, Δε260 = -5,860; and cephalexin, Δε260 = -7,750. (11) Initial rates (within 18 seconds) versus substrate concentrations were fitted to the Michaelis-Menten equation to determine the steady-kinetic constants Km and kcat using Prism 7 (Graphpad software).
Isothermal titration calorimetry.
Isothermal titration calorimetry (ITC) experiments were carried out using a Nano ITC System (TA Instruments-Waters LLC., USA) with a 500 µL cell. All experiments were performed at 25 °C. SPS-1 and NDM-1 were prepared by diluting the stock solutions with 20 mM HEPES, pH 7.5, containing 150 mM NaCl. L-Captopril (Acros Organics) was dissolved in the same buffer. The ITC cell was filled with 50 µM of NDM-1 or SPS-1 (300 µL), and the enzyme solutions were titrated with 250 µM captopril. The injection volume was 50 µL, and the time between two injections was 210 s. Kd values were determined by using NanoAnalyze (TA Instruments-Waters LLC., USA).
Preparation of metal-free proteins.
Metal-free forms of SPS-1 and NDM-1 were prepared through metal chelation. Each purified protein (diluted to 50 µM in 20 mL) was placed in a 10 kDa molecular weight cutoff dialysis bag. These samples were dialyzed versus dialysis buffers for 4 hours at 4 °C before changing to the subsequent dialysis buffer to include a series of eleven dialysis steps: First, two changes of 50 mM HEPES, pH 6.8, containing 150 mM NaCl with 2 mM EDTA, then three changes of 50 mM HEPES, pH 6.8, containing 150 mM NaCl. The resulting metal-free enzymes were analyzed by using SDS-PAGE and UV-vis and concentrated by using an Amicon Ultra 15 mL centrifugal filter (10K).
UV-Vis spectroscopy.
Metal-free SPS-1 and NDM-1 were diluted to 300 µM with 50 mM HEPES, pH 6.8, containing 150 mM NaCl, and 1 mM TCEP. One or two molar equivalents of CoCl2 were added to the protein samples from a 50 mM stock solution. The resulting mono-Co(II)-substituted or di-Co(II)substituted protein samples were placed in 500 µL quartz cuvettes, and UV-Vis spectra were collected on a PerkinElmer Lambda 750 UV/VIS/NIR Spectrometer that measured absorbance between 300 to 700 nm at 25 °C. The blank spectrum of 300 µM apo-SPS-1 or apo-NDM-1 in 50 mM HEPES, pH 6.8, containing 150 mM NaCl and 1 mM TCEP was used to generate difference spectra. All data were normalized to the absorbance at 700 nm. NMR spectroscopy. Metal-free SPS-1 was concentrated to ~0.5 mM with an AmiconUltra-15 Centrifugal unit and an Ultracel-10 membrane. To the concentrated protein, 2 equivalents of CoCl2 were added in the buffer containing 50 mM HEPES, pH 6.8, containing 150 mM NaCl and 10% (v/v) D2O. Spectra were collected at 292 K on a Bruker ASX300 (BBI probe) NMR spectrometer operating at a frequency of 300.16
MHz. Spectra were collected using a frequency switching method, applying a long low power (270 ms) pulse centered at the water frequency, followed by a high power 3 µs pulse centered at either 200 or 90 ppm to ensure all resonances were detected (44) . This method allowed for suppression of the water signal with enhancement of severely hyperfine-shifted resonances. Spectra consisted of 120,000 transients of 16k data points over a 333 ppm spectral window (taq ~51 ms). Signal averaging took ~12 hours per spectrum.
EPR spectroscopy. EPR samples containing SPS-1 or NDM-1 included approximately 10% (v/v) glycerol
as glassing agent. Samples were loaded into EPR tubes and degassed by repeated evacuation/purgation with N2 prior to data collection. Spectra were collected on a Bruker EMX EPR spectrometer, equipped with an ER4116-DM dual mode resonator (9.37 GHz, parallel; 9.62 GHz, perpendicular). The data in EPR figures were scaled so that the X-axes matched (perpendicular mode field values were scaled by 9.37/9.62).
Temperature control was accomplished using an Oxford ESR900 cryostat and temperature controller (4. Laboratory where X-ray diffraction data were collected. Data were integrated and scaled using XDS (45) and SCALA (46) . Data resolution cut-offs were determined using a combination of criteria including completeness and CC1/2. Molecular replacement was conducted with PHASER (47) using a poly-alanine search model produced from the structure of SPM-1 (PDB ID 4BP0) (48) . The SPS-1 amino acid sequence was then docked to the molecular replacement solution. Iterative model building and refinement were conducted using COOT (49) and PHENIX (50) using isotropic individual B-factors and TLS refinement (51) . Stereochemical and geometric quality analyses were performed with MolProbity version 4.4 (52) . The final model and structure factors were deposited in the Protein Data Bank under PDB ID 6CQS. Buffer was 50 mM HEPES, pH 7.5, containing 150 mM NaCI, and 10 µM ZnCI2 
